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Abstract 

Background:  Even if rainfall and temperature are factors classically associated to malaria, little is known about other 
meteorological factors, their variability and combinations related to malaria, in association with river height variations. 
Furthermore, in suburban area, urbanization and growing population density should be assessed in relation to these 
environmental factors. The aim of this study was to assess the impact of combined environmental, meteorological 
and hydrological factors on malaria incidence through time in the context of urbanization.

Methods:  Population observational data were prospectively collected. Clinical malaria was defined as the presence 
of parasites in addition to clinical symptoms. Meteorological and hydrological factors were measured daily. For each 
factors variation indices were estimated. Urbanization was yearly estimated assessing satellite imaging and field inves-
tigations. Principal component analysis was used for dimension reduction and factors combination. Lags between 
malaria incidences and the main components were assessed by cross-correlation functions. Generalized additive 
model was used to assess relative impact of different environmental components, taking into account lags, and mod-
elling non-linear relationships. Change-point analysis was used to determine transmission periods within years.

Results:  Malaria incidences were dominated by annual periodicity and varied through time without modification 
of the dynamic, with no impact of the urbanization. The main meteorological factor associated with malaria was 
a combination of evaporation, humidity and rainfall, with a lag of 3 months. The relationship between combined 
temperature factors showed a linear impact until reaching high temperatures limiting malaria incidence, with a lag 
3.25 months. Height and variation of the river were related to malaria incidence (respectively 6 week lag and no lag).

Conclusions:  The study emphasizes no decreasing trend of malaria incidence despite accurate access to care and 
control strategies in accordance to international recommendations. Furthermore, no decreasing trend was showed 
despite the urbanization of the area. Malaria transmission remain increase 3 months after the beginning of the dry 
season. Addition to evaporation versus humidity/rainfall, nonlinear relationship for temperature and river height and 
variations have to be taken into account when implementing malaria control programmes.
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Background
In Mali, malaria remains the leading cause of mortal-
ity and morbidity representing 42% of consultations 
in health centres [1]. The average national prevalence 

of malaria parasitaemia was 38% in 2010 and 52% in 
2012–2013 in children under-5 with 10% in Bamako [2]. 
In urban and suburban areas where malaria is hypo-
endemic with prevalence of less than 10% in children 
aged from 0 to 9, the burden of clinical malaria is clas-
sically low considering socio-economic, development 
and environmental factors [3]. The proportion of chil-
dren under 5 years with fever in Bamako was 14.6% [4] 
2  years before and 8.2% in 2012 [2]. The use of insecti-
cide-treated mosquito nets, the treatment of malaria 
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cases by artemisinin-based combination therapy, and the 
chemoprevention of malaria in pregnant women are the 
main malaria control strategies in the area. The biological 
diagnosis of malaria is free at Sotuba Malaria Research 
Centre. Malaria cases treatment in children under 5 years 
and chemoprevention in pregnant women are also free. 
Insecticide-treated mosquito nets for children under 5 
and pregnant women is distributed freely by the National 
Malaria Control Programme (PNLP). In general, Sotuba 
has not been affected by large movements of refugees 
during the study period from 2008 to 2012. Only the last 
year of the study coincided with the problem in the north 
of Mali, which did not significantly affect the study area. 
Urbanization has been reported as a factor which con-
tributes to the decline in risk of malaria [5].

In Sahelian countries, such as Mali, rainfall is glob-
ally weak (200–1300  mm of rain) with variable period 
of drought. Meteorological factors are known to play an 
important role in the intra and inter-annual evolution of 
malaria vectors and incidences [6–9]. Among the numer-
ous available meteorological factors only few of them 
are classically studied (cumulated rainfall, temperature, 
humidity). However, other specific factors, such as num-
ber of rainfall events, evaporation, temperature at dif-
ferent height, sunlight, wind speed, their variations and 
combinations are not assessed, nor the association with 
hydrologic factors, in the context of urbanization.

Malaria transmission is markedly heterogenic in 
endemo-epidemic areas according to the season and the 
year [10]. This variability has an impact on control activ-
ity planning against malaria. In the context of elimination 
of malaria, knowledge of malaria risk periods (high trans-
mission periods) is essential for proper use of resources 
[11].

Observation data on malaria incidence and burden 
of clinical malaria are available in many health centres 
in Mali. The hypothesis was that the burden of clinical 
malaria cases may change according to environmental 
and urbanization risk factors. The aim of the study was to 
assess the impact of urbanization combined with meteor-
ological and hydrological factors on the malaria dynamic 
in a growing suburban area along the Niger River.

Methods
Study site
Sotuba is a suburban village located on the outskirts of 
Bamako on the bank of the Niger River (Fig. 1). Urbani-
zation initially started in 1997, then implementation 
of consistent water supplies started in 2000, electricity 
in 2005, and roads and canals in 2008. In 2008, a cen-
sus implemented in the area reported 6472 inhabitants 
(i.e. 607.7 inhabitants per square kilometre). Malaria 
transmission is mainly seasonal and occurs from May 

to October. The entomologic inoculation rate (EIR) has 
been estimated low (annual EIR < 15 infective bites per 
person) in 2000 [12]. Malaria incidence varied between 
0.4 and 1.7 in children from 0 to 2 years in 2000 [12]. The 
Malaria Research and Training Centre (MRTC) team 
have established a very good relationship with the com-
munity, having completed many epidemiological studies 
and drug efficacy trials in the community since 1990, and 
a research medical clinic is maintained (Sotuba Malaria 
Research Centre, SMRC).

Data collection
Population observational data were prospectively col-
lected using the outpatient consultation and laboratory 
registers in the SMRC. From May 2008 to December 
2012, all patients residing in Sotuba who consulted at 
the SMRC for clinical care with malaria compatible signs 
or symptoms were included in the study. SMRC was the 
only health centre in the village during the study period.

During outpatient consultations, clinical malaria was 
defined as the presence of any parasitaemia determined 
by microscopy and rapid diagnosis test (RDT) (without 
any changes in the diagnosis strategy during the study 
period) in addition to clinical variables as fever, head-
ache, vomiting, diarrhoea, abdominal pain, nausea, body-
aches, anorexia, convulsion, pallor, cough, myalgia and 
chills. Fever was defined as axillary temperature over 
37.5 °C using an electronic thermometer.

In order to highlight the most important factors related 
to malaria incidence variations, the following environ-
mental variables were measured daily in the village by the 
Rural Economic Institute (Institut d’Economie Rurale), 
located at Sotuba and the National Direction of Hydrau-
lic: maximum inside temperature (t1M); minimum inside 
temperature (t1m); maximum ground temperature 
(t2M); minimum ground temperature (t2m); tempera-
ture at 10 cm (t10); temperature at 20 cm (t20); outside 
extreme humidity (hx); relative humidity (hr); evapora-
tion using an experimental plug (evg); evaporation using 
an experimental pan (evn); cumulated rainfall (r); num-
ber of rainfall events (nre); sunlight (sl); tension value 
(tv); wind speed (ws); river height (rvh). The population 
density variation was estimated by counting buildings 
using satellite images from Google earth (© 2015 Google 
Inc. Menlo Park, California) from 2009 to 2012 based on 
the population census in 2008 (census done by MRTC 
team). Estimates were further completed by field inves-
tigations and interviews of village leaders to assess the 
number of inhabitants in the new buildings of the area.

Statistical analysis
The analysis was divided into five main steps: (i) 
time series estimations, (ii) cofactors assessment and 
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combination, (iii) lag assessment between cofactors and 
malaria incidence, (iv) multivariate analysis, and, (v) 
transmission period assessment.

I.		  The weekly cumulative malaria incidences, cumu-
lated rainfall and rainfall events, and weekly mean, 
maximum, minimum, standard deviation (SD), 

Fig. 1  Map of Bamako located Sotuba
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range, and coefficient of variation (CV) of all the 
other meteorological and hydrological factors were 
estimated.

II.		 Meteorological and hydrological factors (19) and 
their variations were analysed through two prin-
cipal component analysis (PCA). This method 
was used in order to combine factors, taking into 
account collinearity and for dimension reduction. 
The main components, determined by eigenvalues, 
were then characterized, for meteorological factors 
and hydrological factors.

III.	 Lags between each component and malaria inci-
dence were assessed by cross-correlation function 
estimations, after modelling time processes for each 
time series, following the Box–Jenkins approach 
[13]. Each component showing a significant cross-
correlation was then selected and shifted (according 
to the estimated lag) for the multivariate analysis.

IV.	 For the multivariate analysis, a regressive approach 
was developed, following a modelling strategy 
determined in order to take into account the dif-
ferent situations that may bias classical regression 
models:

•	 Taking into account over-dispersion in the number 
of malaria cases, a quasi-Poisson distribution was 
used, replacing a classical Poisson distribution for 
count data;

• 	 In order to interpret the parameters (after exponen-
tial transformations) as incidence ratios, the popu-
lation was used as an offset of the regression model 
after log transformation;

• 	 Assessing non-linear relationships between malaria 
cases and each cofactors (the shifted components 
selected at the first step), spline functions were 
used;

• 	 Taking into account collinearities between the dif-
ferent cofactors, we did use the main components 
of the previous PCAs (first step), which were, by 
definition, independent.

• 	 A stepwise approach was also used based on the 
generalized Cross-validation criterion (GCV).

• 	 These modelling strategy led us to the use of a gen-
eral additive model (GAM), following Simon Wood 
recommendations [14].

V.	 The low and high transmission periods were deter-
mined by using change-point analysis based on mean 
and variance evolutions, and the PELT algorithm 
(Pruned Exact Linear Time) [15, 16].

All statistical analysis were performed by using the R 
3.3.1 software (copyright © 2016 The R Foundation for 
Statistical Computing, Vienna, Austria) [14, 17].

Results
Population socio demographic characteristics
In total among 7075 consultations, 3286 malaria cases 
were notified by the SMRC from 2008 to 2012. The oscil-
lations of malaria incidence time-series were dominated 
by the annual periodicity from 2008 to 2012. Malaria inci-
dence varied intra and inter annually (Fig. 2). No modifi-
cation of the dynamic of malaria incidence through time 
was observed, despite urbanization and a malaria control 
strategy in accordance with international recommenda-
tions. Population estimates increased linearly from 6472 
to 8100, mainly in 2009 with a growth rate of 8.78%. The 
growth rate then decreased reaching 6.07% in 2010, 3.6% 
in 2011, and 4.71% in 2012.

The yearly rainfall varied from 1  year to another 
(Fig. 2). The highest yearly cumulative rainfall was seen in 
2010 (1186.4 mm) and the lowest in 2011 (867 mm). The 
maximum (Mt1M) and minimum (mt1m) inside tem-
peratures were similar throughout years, but varied intra-
annually. The mean river height (rvh) changed annually 
(annual peak) and the dynamic remain similar from year 
to year. The years 2009 and 2010 showed the highest 
malaria incidence peaks, together with the highest popu-
lation growth rates and the highest rainfall peaks.

PCA of malaria risk factors
Meteorological profiles (Fig.  3A1, A2): the first four pri-
mary components explained 60.82% of the inertia. The 
first component (Met1) was constituted by evaporation 
versus humidity/rainfall. The second and third compo-
nents (Met2 and Met3) represented mainly temperatures 
and temperature variations. The fourth components 
(Met4) was mainly constituted by sunlight and wind 
speed.

River profiles (Fig. 3 B1, B2): For river factors the first 
three primary components explained 99.84% of the iner-
tia. The first component (Riv1) was constituted by the 
height of river and the second and the third components 
were constituted by the variations of river height (Riv2 
and Riv3).

Determination of PCA axes elapsing times by ARIMA 
of series according Box–Jenkins approach
The cross-correlation functions showed that the main 
meteorological factors associated with malaria incidences 
was the combination of evaporation, humidity and rain-
fall (Met1 component), with a lag of 12  weeks, with a 
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significant negative cross-correlation of −  0.14 (Fig.  4). 
The lag for temperatures component (Met2) was around 
13 weeks, with a significant negative cross-correlation of 
− 0.13 (Fig. 4). For the temperature variation component 
(Met3), the lag was about 5 weeks (0.12), and for the sun-
light/wind speed component (Met4) no significant cross-
correlation was estimated (Fig. 4).

According to the hydrological factors, the river height 
component (Riv1) was significantly positively cross-
correlated with malaria incidences (0.30) with a lag of 
6 weeks (Fig. 4). The second component (first river varia-
tion component, Riv2) was significantly negatively cross-
correlated with no lag (− 0.12), and the third component 
(second river variation component, Riv3) was signifi-
cantly positively cross-correlated with a lag of 7  weeks 
(0.17) (Fig. 4).

Modelling malaria incidences (GAM)
The environmental components significantly cross-
correlated with malaria incidences (Met1, Met2, Met3, 
Riv1, Riv2, Riv3) were used, after shifted, as explaining 

factors of malaria incidences in the regressive GAM 
model, first in a univariate approach. The evaporation/
rainfall (Met1) component showed a linear negative asso-
ciation (p  <  0.0001) (Appendix: Table  1), and the river 
height component showed a linear positive association 
(p < 0.0001). The temperature component (Met2) showed 
a positive association (p  =  0.0004) until reaching a 
threshold where a temperature increase did not increase 
malaria incidence. The temperature variation compo-
nent (Met3) showed a non-significant negative relation-
ship (p = 0.057) but not for lower values. The first river 
variation component (Riv2) showed significant slightly 
negative relationship, but only for the lowest values 
(p = 0.014). The second river variation component (Riv3), 
showed a nonlinear relationship, first negative, then posi-
tive, and then negative for higher values (p = 0.0003).

All components were analysed as factor of malaria 
incidence in the multivariate GAM model. After step-
wise selection, only three components remained sig-
nificant, and one non-significant component remained 
as a confounding factor. The evaporation/rainfall 

Fig. 2  Malaria incidence time series, maximum temperature, minimum temperature, rainfalls and river height by week and by transmission period. 
The red line represents weekly malaria incidences, the orange and black lines represent respectively the weekly mean of maximum and minimum 
inside temperature (Mt1M; mt1m), the blue line represents the weekly mean of river height (rvh) and the green bar plot represents the weekly 
cumulative rainfall. The grey areas represent low transmission periods (LTP) according to the change point analysis
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(Met1) component showed a linear negative association 
(p  <  0.0001), and the river height component a linear 
positive association (p < 0.0001) (Fig. 5A1, B1). The tem-
perature component (Met2) showed nonlinear relation-
ship with malaria incidence, first positive, then null and 
slightly negative for higher values (Fig.  5A2). The river 
variation was non-significantly associated with malaria 
(p = 0.246), and the relationship wasn’t linear, first nega-
tive for the lowest values, then positive for the highest 
ones (Fig. 5B2).

Change point analysis determining transmission periods
The change point analysis clearly showed the classical 
pattern of seasonal malaria, with low and high transmis-
sion periods (Fig. 1). Low transmission periods were not 

totally associated with dry seasons, and high transmis-
sion periods were not totally associated with rainy sea-
sons, but less shifted with river height (Fig. 1).

Discussion
Clinical malaria incidence and potential environmental 
risk factors, including temporal variations were investi-
gated in suburban area of Bamako, Mali over 5 years from 
2008 to 2012. Despite good access to care, diagnosis and 
treatment procedure in accordance to international rec-
ommendation, and the presence of a well-trained team, 
the temporal pattern of clinical malaria incidence did not 
change over years (Fig. 1). In particular, no reduction in 
the incidence of malaria was observed despite increas-
ing urbanization compared to a phenomenon commonly 

Fig. 3  Principal component analysis of meteorological and hydrological factors. A1 represents the two first components for meteorological factors, 
and A2 the 3rd and 4th components. Red dots represent temperature factors, dark blue, rainfall, light blue, tension, green, humidity, yellow, evapo-
ration, orange, sunlight, violet, wind speed. B1 represents the two first components for hydrological factors, and B2 the 3rd and 4th components
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reported in the literature that urbanization decrease the 
risk of malaria [5, 18]. The intra annual [12, 19–21] and 
inter annual [12, 20] variations of malaria are usual, with 
a pattern already described in many transmission set-
tings. A lag between low transmission periods of malaria 
and dry seasons was observed, as well as between high 
transmission periods and rainy seasons. Conversely, a 
better concordance and a shorter lag were found between 
malaria incidence and river height patterns (6 weeks lag, 
Fig. 1).

The main meteorological factor associated with malaria 
is a combination of evaporation, humidity and rainfall 
(Fig. 5A1) described by several studies before. This linear 
correlation occurred with a lag of about 3 months. Even 
if in other area the lag between rainfall and malaria cases 
could be different, rainfall is not the only factor related to 

malaria transmission. Indeed, humidity, temperature, but 
also land cover/land use are important factors. As malaria 
transmission is known to be heterogeneous, according to 
geographical/environmental contexts, the lag difference 
between different areas is not surprising. Furthermore, 
Niakhar is a small city, and the data assessed by Ndiaye 
et al. aggregated informations from the whole rural area, 
showing millet and peanuts fields [22]. But Sotuba is a 
sub-urban area, very close to Bamako, the capital city. 
Note that, the SMRC team did not report any refugees 
camp near the Sotuba area during the study period.

The relationship between river high and rainfall at the 
same geographical area is not direct. Indeed, the Niger 
river high, in Bamako, is mainly due to rainfall in Cona-
kry Guinea, at the source of the Niger river, and less 
related to the rainfall at Bamako. Furthermore, it is not 

Fig. 4  Incidence of malaria cases and main environmental components, shifted according to cross-correlation lags. The black line represents 
malaria incidence (%), the green line, evaporation/rainfall component (Met1, 12 weeks lag), the red line, temperature component (Met2, 13 weeks 
lag), the dark red line, temperature variation component (Met3, 5 weeks lag), the blue line, river height component (Riv1, 6 weeks lag), the light blue 
line, the first river height variation component (Riv2, no lag), the cyan line, the second river height variation component (Riv3, 7 weeks lag)
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the river high that is related to malaria incidence but also 
river variations, which could create, or destroy, breeding 
sites. This has also been observed in Bandiagara, Mali 
[10].

Most of the studies in the literature found that rainfall 
and humidity increase the risk of malaria by developing 
suitable breeding sites and increasing density of mos-
quitoes [9, 10, 20–28]. However, the positive associa-
tion between humidity/rainfall and malaria incidence is 
inconsistent with other authors [29]. Furthermore, the 
length of the lag between rainfall and malaria incidence 
should be taken into account by prevention policies, 
including traveler recommendations on prophylaxis, 
malaria risk is still important, 3 months after rain stops.

The relationship between combined temperature fac-
tors was not linear (Fig. 5A2). This association was posi-
tively correlated and when temperature attempted a 
threshold where malaria incidence was constant, and 
then slightly decreased with temperature [29]. The lag 

time was 3.25  months between combined temperature 
factors and the incidence of malaria. This nonlinear asso-
ciation is concordant with malaria vector and parasite 
development cycles. This type of relationship is not taken 
into account in the major part of the literature. It can 
be explained by the existence of a temperature thresh-
old fatal to the development of malaria vector (malaria 
transmission is optimal at 25  °C and decrease drasti-
cally at > 28 °C) [23, 30–32]. The main vector species are 
Anopheles gambiae s.l. and Anopheles funestus, with pre-
dominance of An. gambiae, which accounted for 99.7% of 
transmission [12]. Other studies found a positive linear 
association between malaria incidence and maximum 
temperature [9, 24, 27, 28, 33]. However, some studies 
observed negative association [29]. This apparent contra-
diction may be explained by the difference between the 
transmission periods, statistical methods (not exploring 
nonlinear relationships) and the diversity of the risk fac-
tors combined for the analysis.

Fig. 5  Association between malaria incidence and the meteorological and river components (GAM model). A1 evaporation, humidity, rainfall 
component (Met1); A2 temperatures component (Met2) (nonlinear relationship with malaria incidence); B1 river height component (Riv1) and B2 
river height variation component (Riv2)
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Height of the Niger River was positively linearly corre-
lated to malaria incidence (Fig. 5B1 and B2) with a lag of 
about 1.5 months. The variation of the river height plays 
an important role in the creation of anopheles breed-
ing sites. When the river is full, the breeding sites on the 
banks of the river are completely submerged with water. 
However, the periods of flood recession are generally a 
source of breeding sites along the river. Humidity of the 
area could be driven also by river variation, and have an 
effect on mosquito survival [34]. Publications focused 
much more on the presence or absence of vectors or par-
asites carriers in the areas near the rivers [35, 36].

In conclusion, the present study emphasizes tempo-
ral variation of malaria incidence without change in the 
dynamics through the time. The lag between rainfall and 
malaria is classically acknowledged. These has to be con-
sidered for the implementation of malaria control strat-
egies such as seasonal malaria chemoprevention, mass 
distribution of insecticide impregnated bed nets and 
mass sensitization campaigns to cover 3  months after 
rain stops. Nonlinear relationships for combined meteor-
ological factors and other source of breeding sites (such 
as river) have to be taken into account when developing 
environmental based control strategies.

Furthermore, the persistence of clinical malaria during 
the low transmission period should be assessed, deter-
mining if different symptoms, clinical profiles and para-
sitaemia are associated with the different transmission 
periods.
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See Table 1.

Table 1  General additive model results for univariate and multivariate analysis

Met1 evaporation/rainfall component, Met2 temperature component, Met3 temperature variation component, Riv1 river height component, Riv2 first river variation 
component, Riv3 second river variation component
a  EDF: estimated degrees of freedom for the model terms
b  F: test statistics
c  Dev: deviance explained

Univariate analysis Multivariate analysis

EDFa Fb p value Dev (%)c EDFa Fb p value Dev (%)c

Met1 2.291 51.89 < 0.0001 51.1 3.530 6.807 < 0.0001 68.3

Met2 3.632 5.464 0.0004 23.2 2.521 9.846 < 0.0001

Riv1 3.645 44.34 < 0.0001 57.3 1.000 45.695 < 0.0001

Riv2 2.346 3.938 0.0136 5.67 7.869 1.271 0.246

Met3 2.287 2.505 0.0572 5.28

Riv3 4.298 4.984 0.0003 11.8
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